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Method of support posture perception in mining face based on visual-inertial information fusion

XING Keke', CHENG Jingyi', XU Zhongxin>, WAN Zhijun', XUE Minti',
YAN Wanzi', BAO Kuo', YI Junjie'
(1. School of Mines, China University of Mining and Technology, Xuzhou 221116, China; 2. School of Information
and Control Engineering, China University of Mining and Technology, Xuzhou 221116, China)

Abstract: To address the issues of large drift errors and low calculation accuracy in inertial navigation
methods, as well as significant posture recognition errors in visual methods due to camera interference from dust
and equipment obstructions, a method of support posture perception in mining face based on visual-inertial
information fusion was proposed. First, four feature points of infrared targets were fixed to the base platform of
the support, and binocular cameras were fixed to the support top beam and shield beam. A target recognition

method based on Canny and least squares, along with a BA-PnP algorithm based on four feature points, was used
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to solve the pitch and roll angles of the top beam and shield beam relative to the base. Then, an inertial
measurement unit (IMU) was fixed to the hydraulic support top beam, shield beam, and base. The complementary
filtering method of the MEMS gyroscope and accelerometer in the IMU was used to solve the pitch and roll
angles of the top beam, shield beam, and base in the world coordinate system. Finally, the posture angles
calculated by the visual system and the inertial navigation system were fused using the extended Kalman filter for
multi-source information fusion. The low-frequency stability of the vision information was used to suppress the
accumulated errors of the IMU, resulting in accurate posture perception of the mining support. Three methods for
support posture perception, based on vision, inertial navigation, and visual-inertial information fusion, were
compared in experimental results. The findings showed that: (D In the initial stationary state, all three methods had
high accuracy, but as the support operation cycles increased, the vision-based and inertial navigation-based results
gradually deviated from the true values. 2 The root mean square errors (RMSE) of pitch angle perception for the
top beam relative to the base were 0.201°, 0.190°, and 0.081° for the vision-based, inertial navigation-based, and
visual-inertial information fusion methods, respectively. For the shield beam relative to the base, the RMSE of
pitch angle perception were 0.340°, 0.297°, and 0.162°, respectively. 3 The RMSE of the hydraulic support
column extension length calculated by the visual-inertial information fusion method was 13.682 mm, meeting on-

site requirements. The visual-inertial information fusion-based support posture perception method could provide

more accurate posture parameters for the intelligent control of hydraulic supports.

Key words: hydraulic support posture perception; visual-inertial information fusion; inertial measurement

unit; extended Kalman filter; bundle adjustment-perspective point posture estimation algorithm; IMU
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Fig. 1 Definitions of coordinate system and support posture angles
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Fig.2 Vision-inertial information fusion-based support posture

perception system

1.3 AR BIFLR

PR FR 8 T 2 R SR L AL £0AMr AR
FHENLA L, WA 3 BroR o 204 B8 [ 2 T S48
RS B b, 50 A R R e A B R A SR T
VEAT 2 N BB AR 5 20 T A HLAL 37 90 LY 5 AHATL 22 2
FE G2 R 4 92 1 8 ) 21 SRR THERALH R ik
AT EMG AL B R A i R o X B bR 67 B AT 00 U b
FE, AR AL TR AR HIL S B R S 21 Ah A 1]
1%, RHET Canny—t /N — 3 ik 19 [RHE $E AR U3
25 A0 FR G, 3 i BA—PnP 49 U AT RRAE 2
B, AR, A B T | HE B A X IS AR B ARF AT £
FRETR A o

il O
- /
He PR
LA
~

3 MSEEAI RS

Fig. 3  Visual perception system



2025 5% 3 4 FRETHT S R TFTARE-N T L aat) R L RES BRI T % 35
1.4 IMU B4 R % 1 0 -Ar 0
IMU JBUH1 3R 55 22285 T T8 | S % | i i I F, = 8 (‘) (1’ —gf @
(Y IMU ZH i, o TO0 52 A 7 2 ) IMU 5 AR B 22 2 00 0 1
?Iﬂi{iﬁ,EE@%/T@TF%%%T??,TE@EE@ N
IMU?%?TE@H%*/D,\?D@ 4 fliR . IMU 541 H, 3k
L 3 E 1B AL ZR S5, 3 2o I ] B 0 11 5 Lo o o
B R FF ad E R By O TR | O T (5)
R TE T SR AR AR F R R £ PRV A Lo o-A 0
T mﬁl 01 0 A
0 IF ik H

SEAE

JIG
B4 IMUBHRIRS
Fig. 4 Inertial measurement unit perception sensing system
1.5 & F EKF #9458 —1% 323 me & %
K HI EKF X5 AL 08 B e AT il , RS
TR A% 0 S Al IR 2 e % T R R A e L
Ttk
R YRR ) 1 0] R om
x=[B, @, b b, (D
e Ba, 7090 a F N WLGE ZR GU 5 00 S AR TR
FHXT R R IR A BRI A5 by, o231 2 IMU i
(1% S TR AH X B JAE R RFACD 1 | BEVR AR B9 2 i 1R 22
SR IMU Fir H (AR X 2825 A -5 DL 5E A [ A A6
AR AR LR, < S [6] Sy
2=[8 a AB Aca]" (2>
e B, a3l o IMU Hii t B ARSI AT £ L B985
AB, A s3] h L SE 25 I ek 14 R 408 I 220 R X AR AP
i BRI AL
EKF Z 4 iR T R A 77 7k
{xk =Fx . +w,

(3)
zx = Hyx + 1,

e x 0 k INZ PR 1385 FOl k20 RS %
Fo e T LURE I 5 wi o A I 220 9 5 e MG 7 i) i, 49 45
NO,Q)73 i, Q g i REME P By Jr 220 W5 2 ke Ip 221
RN N : VSR ENRURIE S WS |
Je R 220 % 2 00 W 7 g, 4B NGO, R) A, R AN
P BT 28 R

Horp, FRK 0

0 = diag(o; AP, 0o AP, 0 AP0 AF)  (6)
e oF, o2 70 S BERRACARFAN 1 | R TR A ) 2 e
P75 o, o S AR HREA A L RETR A B 1%
2 W BEALIAE W 5 22
R H)FREAN

o 2 2 2 2
R= dlag(O—IMUﬁ’ OmMU, a2 9 vis, ap> T vis, A) )

A oy pr T, o ZH A IMU AHXHIRA £y | BEVR f
(1 T B W 755 225 03 g O, na 23 0 A0 AL X
A BT AR Ty 22

FT TR AL A 5 18 AV A s s A 40 o 46 1) 8
TR 22, BT LASET EKF 05— S 80 ml &l 45 2
HERS 1R 3 SO 2

2 ETHR-REEREMANRGIRESRM
I8

21 R IREBZBRmEREHE
PR LR EARBAL G, E S iR, X
8 D) ZY12000/25/50D ¥ 32 48k JE A 422 51 1Y
ARACL LA A B R SCHE s BE A 1 me 4% HRIET 3 AN
& 4 22 %% M ML AN AL 4%, R H Intel RealSense D435i
AL HER A 1.920x1 080 15 2%, Wik Ay 25 Mii/s) K
N100 & IMUS B WL % 1D, iHE V& WE it
BAL, B E Intel i7-13700 At Ff #% . NVIDIA RTX
4060 i, iz 17 Ubuntu 20.04 2 4, Ji )2 01 18 i
CH+328E,
22 IARESRmER

RN A BATIE I LIS HR W AR R 0 3 KE AR
BB kTR e S AR B, LR R A
4ATEIA AR LR B B R FH i A A SN o S 4
TUGE R A3 R A A OITE Al . 40 2 T
B, BRI S5 BRG 3 Fh O ik T S 2R T
PRSI SLR, 25 R E 6 i . AIAE PG
1R, 3 A7 vk RS B e, (BB % S 4R a8 17
PEPRUCER A HE N, BT | 153 A SRR 45 2R 34 1 O



. 36 .

5 8k

%51 %

Fig. 5 Test platform of support posture perception in mining face

F 1 IMU LSR5

Table | Inertial measurement unit sensor parameters

2 B JE R
fiivis £2 000 (°)/s +16g
F e Pk <10 (°)/h <0.04 mg
AN <0.1% FS <0.1% FS
I8 75 5 0.0028 (°) /(s + VHz) 75 ng/ VHz
i 256 Hz 260 Hz
IEAE MR 2 +0.05° £0.05°
SrHER <0.02 (°)/s <0.5 mg

T g W I EE
B EAE BT L B AL 1 R RS T
[ ¥4 )7 R 1% 22 (Root Mean Squared Error, RMSE) 43 Jil|
4 0.201°, 0.190°F01 0.081°, #5215 15 SRl 5 75 %
TR %) S 4R T 3% 23 285 T A

0 SBIUC MUK, B3N M4

]
o 27
& f —B%
= Ay R|R — e
= v — S
R - ! ! © B
2 LN :
= 8 S i
S 10} : I !
o : : :
Hon} ! ! L.J :
i 5 | :
714 1 1 1 1 J
0 40 80 120 160 200
Hif[Hl/s
(a) ANIR) 5 B 0 SCARTRGEART O £ 5 L FLAF X L
0.5 1 4% S RMSE=0.190°
UAS . I
PLHERMSE=0.201° % E;'Zii
0.4 | P15 FRMSE=0.081° 0 Wit
<03
Hy
oK
Z 02
®

[=]

alallal}

WL
(b) AR5 A ST AL TR 0 £ U RMSE

6 ANFRJrE TR AR A SRR 45 2R
Fig. 6 Experimental results of support beam posture perception

under different methods

A3 R 3R 3 Fh 7 vk AT S A b R R A R
IS, g5 A& 7 B . R PR ER RS,
3 BTk HR HE A i, (ELB S BB A TR IR AR
BN, S OLE 1S 0 B 4t R U i S L S
TR, B R —15t 505 B Al & 7 i RMSE 43
1k 0.340°, 0.297°F1 0.162°, #48 —18 G5 B R & 7
TR S IR P R AN T A

40

©
W

%)
(=]
T

ST I AT £71/°)

' : — e
25 . ' — W
: ' — WS
! : * P
20 . : ! . ,
0 40 80 120 160 200
HiF1)/s
(a) R[N IR S o n 0 £ 5 H B X L
L0 o RMSE=0.207° s
0.9 F ¥i3RMSE=0.340° 0 W
0.8 | Mz~ FRMSE=0.162° O M1 5
07}
=06}
2 os|
Z 04t
® o3l
02}
o o H—ﬂ
o (LI PP o O P T
1 2 3 4 5 6 7 8 9
LRV

(b) R[5 BRI S A AR AN A1 FYRMSE
[ 7 RFEJFE T A R e S B S g 45
Fig. 7 Experimental results of support shield beam posture

perception under different methods

K F HY150-1500 7 i7 28 5K 4% 8 4% I 4 1) 57
FE Y SR B, TR 2R EBKCF Bl 15 8 10092 | i
ZEPAREAR £, 3 T 2 4042 Bl B R U AT R AL AR K
BE o RS AR B AR AT AN 8 s, AT A
tH 3% T EKF A9 32 481 57 A 4K B2 ff B {89 RMSE 2
13.682 mm, B /£ 772K .

3 Hig

D WiE T TS0 T 5 Bl A SR
BN 255, R HHE T Canny—fi /)y 3 i 19 #E AR A5
77 B FIEL T DU AE 5 1 BA—PnP 550 i 3 2 T 00

R T | S 0 TR A X R JRE (0% ORFAVDD iy R TR A o
1 IMU [ 8 F IR SRR TR | i 4m 8 | R,
IMU 1 MEMS [ 884 4SCFIUN 8 B 1 1% B b 8 % 7
PTG | A R A A AR bR R IR A
FIRETR o T U082 G0 A S5 0 ARG OREAVD £ L BEVR
i SRR DD f . BRIR A, BT BEKF Z2R(E



2025 4% 3 4 RETHF S R TR T &R R XRESRI T %

o 37 o

1000 [ , C o

900 SEIR O HR20 HI3UC ! A
. L | — A KB
£ 800 f ' : b — BRI G E
~ ll
2900 | ; ' i
2 ™ M
2 600} E :
2 sl N :
= 500 ; ! .
o ' ' 1
iﬁ 400 | : : !

. .
300 : i .
200 L | \ . ,
0 40 80 120 160 200
1 ) /s
(a) AL A BE M B AEFAEAT (BT L
60

RMSE=13.682 mm

SRR 2% /mm

80 120 160 200
IS
(b) T EKFMY 2L m S0 KB A HTE I RMSE
B8 SEHRE LA I R AT E

Fig. 8 Measured and analytical values of the support

40

front column length

BALA, AL B AR M ] IMU 1 22
HR 2, S RER Y TR,

2) JFRE T Ry UL B AR BN S, S5 R I
T | 5T AL~ 515 8l B %) T SR %G
(49 0FF A0 £f1 J% 41 RMSE 43 51 &7 0.201°, 0.190°, 0.081°,
B0 5% AH XF RS AR 4 RF AT £ JE T RMSE 43 ) A
0.340°, 0.297°, 0.162°, F&F W5z I 315 B Al A ff 55
P W S 48 37 A A 45 K 9 RMSE 24 13.682 mm.
BT AR5 B RS R S B N T
A R U S AR e A A ) B (L T A 1 S S S

2 %3k (References):

[1] REID P B, DUNN M T, REID D C, et al. Real-world
automation: new capabilities for underground longwall
mining[C]. Australasian Conference on Robotics and
Automation, Brisbane, 2010: 1-8.

(2] k¥, FhECR, XM, %5, 515 SR & B R (¥ AT

B SR LA KON T5 ik K LR Ak (V. R AR
2023, 48CHEFI 1): 345-356.
ZHANG Kun, SUN Zhengxian, LIU Ya, et al. Research
and experimental verification of attitude perception
method of advanced hydraulic support based on
information fusion technology [J]. Journal of China Coal
Society, 2023, 48(S1): 345-356.

[3] XUAHIE, 2=, PRI, & BUR SO R LSS H
BRG] LY H3ML, 2024, 50(4): 41-49.

(8]

[10]

(11]

[12]

(13]

LIU Xiangtong, LI Man, SHEN Siyi, et al
Measurement system for key attitude parameters of
hydraulic support[J]. Journal of Mine Automation,
2024, 50(4):41-49.

Zf, VPEW, RER, 5. 2T PSO-ELM 4R T
PR T SR 25 7 2 ). T E 34k, 2024,
50(8): 14-19.

LI Lei, XU Chunyu, SONG Jiancheng, et al. Attitude
monitoring method for hydraulic support in fully
mechanized working face based on PSO-ELMI[J].
Journal of Mine Automation, 2024, 50(8): 14-19.
LIANG Minfu, FANG Xinqiu, LI Shuang, et al. A fiber
Bragg grating tilt sensor for posture monitoring of
hydraulic supports in coal mine working face[J].
Measurement, 2019, 138:305-313.

AR, 2R 00, X [, 55 3 TR FE AL oL IR B A T
A T ST B8 S 4% v B 5 TSR 235 A U = 5 VE I 9T
(0], Ry 5 24 TR, 2022, 39(1):72-81, 93.
REN Huaiwei, LI Shuaishuai, ZHAO Guorui, et al.
Measurement method of support height and roof beam
posture angles for working face hydraulic support based
on depth vision[J]. Journal of Mining & Safety
Engineering, 2022, 39(1): 72-81, 93.

CHEN Hongyue, CHEN Hongyan, XU Yajun, et al.
Research on attitude monitoring method of advanced
hydraulic support based on multi-sensor fusion[J].
Measurement, 2022, 187. DOI: 10.1016/j.measurement.
2021.110341.

sk, B, R S5 OBTBUES SCRTE AL S
AR D], AR R, 2015, 41(9): 69-73.
ZHANG Hongwei, WAN Zhijun, CHENG lJingyi, et al.
Development of a new displacement monitor of
hydraulic support pillar[J]. China Coal, 2015, 41(9):
69-73.

GAO Kuidong, XU Wenbo, ZHANG Hongyang, et al.
Relative position and posture detection of hydraulic
support based on particle swarm optimization[J]. IEEE
Access, 2020, 8:200789-200811.

ZHAO Tianyi, AHAMED M J. Pseudo-zero velocity re-
detection double threshold zero-velocity update (ZUPT)
for inertial sensor-based pedestrian navigation[J]. IEEE
Sensors Journal, 2021, 21(12): 13772-13785.

HUANG Guoquan. Visual-inertial navigation: a concise
review[C]. International Conference on Robotics and
Automation, Montreal, 2019. DOI: 10.1109/ICRA.
2019.8793604.

QIN Tong, LI Peiliang, SHEN Shaojie. VINS-mono: a
robust and versatile monocular visual-inertial state
estimator[J]. IEEE Transactions on Robotics, 2018,
34(4):1004-1020.

LI Guangqiang, YU Lei, FEI Shumin. A binocular
MSCKF-based visual inertial odometry system using LK


https://doi.org/10.1016/j.measurement.2021.110341
https://doi.org/10.1016/j.measurement.2021.110341
https://doi.org/10.3969/j.issn.1006-530X.2015.09.017
https://doi.org/10.3969/j.issn.1006-530X.2015.09.017
https://doi.org/10.1109/ICRA.2019.8793604
https://doi.org/10.1109/ICRA.2019.8793604

. 38 - TF 8L % 51 %
optical flow([J]. Journal of Intelligent & Robotic (18] FiEH, AKX, %, & B2 50w E SRE I iE
Systems, 2020, 100(3): 1179-1194. MRS B e A 77 9% 0] IR B R, 2024, 52(5):
[14] MOURIKIS A I, ROUMELIOTIS S I. A multi-state 236-248.

constraint Kalman filter for vision-aided inertial MAO Qinghua, ZHOU Qing, AN Yanji, et al. Precise

navigation[C]. IEEE International Conference on positioning method of tunneling machine for inertial

Robotics and Automation, Rome, 2007: 3565-3572. navigation and visual information fusion[J]. Coal
[15] CARLSSON H, SKOG I, JALDEN 1. Self-calibration of Science and Technology, 2024, 52(5): 236-248.

inertial sensor arrays[J]. IEEE Sensors Journal, 2021, [19] EF, AEE, 2RR, & —Fe8 LMD PoP b

21(6): 8451-8463. FRSR AT 12 (1] AR 224, 2020, 41(9):271-280.
[16] TRZE, ek, R, & MBS EH AL LA THE WANG Ping, ZHOU Xuefeng, AN Aimin, et al. Robust

VEIFFE I AXERA R 544, 2014, 35(10):2170-2176. and linear solving method for Perspective-n-Point

YU Yongjun, XU Jinfa, ZHANG Liang, et al. Research problem[J]. Chinese Journal of Scientific Instrument,

on SINS/binocular vision integrated position and attitude 2020, 41(9):271-280.

estimation algorithm[J]. Chinese Journal of Scientific [20] VALENTI R G, DRYANOVSKI I, XIAO Jizhong.

Instrument, 2014, 35(10):2170-2176. Keeping a good attitude: a quaternion-based orientation
[17]  JIgk, SKMBIE, B 3ChR, &5, 2T 510 5 4 gt filter for IMUs and MARGs[J]. Sensors, 2015, 15(8):

MU & 5E 7 75 ¥ [J/OL]. SR B BAR « 1-12[2025- 19302-19330.

01-27]. http://kns.cnkinet/kecms/detail/11.2402.td.20240 211 DB SOME, XE4e, FaME, 5. 52T T 7 AT R IR 301

524.1014.003.html. WESERSAP LS ST L ] RS 24T

WAN Jicheng, ZHANG Xuhui, YANG Wenjuan, et al. FE2EAR, 2023, 40(6): 1231-1242.

Combined positioning method of roadheader based on PANG Yihui, LIU Xinhua, WANG Hongbo, et al.

vision and inertial navigation[J/OL]. Coal Science and Support attitude and height analysis method of hydraulic

Technology: 1-12[2025-01-27]. http://kns.cnki.net/kcms/ support based on jack stroke drive[J]. Journal of Mining

detail/11.2402.td.20240524.1014.003 .html. and Safety Engineering, 2023, 40(6): 1231-1242.
(b % 31 ) of mine gas concentration[J]. Coal Science and
[16] A0, LR S 20 FE A 4 b R B 92 15 2. (D). Technology, 2019, 47(4): 141-14e.

AR 22, 2020. [19] TIAN Zhongda, LI Shujiang, WANG Yanhong, et al.

LI Zhixu Research and application on control Wind power prediction method based on hybrid kernel

technology of advancing support with pressure for function support vector machine[J]. Wind Engineering,

hydraulic support[D]. Qingdao: Shandong University of 2018, 4353): 252-264.

Science and Technology, 2020. [20] EHE, W, [m“ e T . 4 7 HPO-VMD Fl MISMA-

i > N DHKELM 7 7 # 5% £k o) & 40 & Wl [J]. K BH g 2
(171 ®IKH, 828, fi/k%E, % 2T Prophet+LSTM £ 1§, 2023, 44(12): 6573,

BB T AR M i B 5T (I, R B 1 WANG Chao, LIN Hong, PANG Xiachong. Short-term

R, 2021, 49(7): 16-23. photovoltaic power combination prediction based on

ZENG Qingtian, LYU Zhenzhen, SHI Yongkui, et al. HPO-VMD and MISMA-DHKELM[J]. Acta Energiac

Research on prediction of underground coal mining face Solaris Sinica, 2023, 44(12): 65-73.

pressure based on Prophet+LSTM model[J]. Coal [21] CHU Yunfei, FENG Chunyan, GUO Caili, et al.

Science and Technology, 2021, 49(7): 16-23. Network embedding based on deep extreme learning
(18] M5, fH K F, F A, .5 I K machine[J]. International Journal of Machine Learning

Lagrange—ARIMA SN TN ARG 5E L], R B 245 and Cybernetics, 2019, 10(10):2709-2724.

AR, 2019, 47(4): 141-146. [22] XUE Jiankai, SHEN Bo. Dung beetle optimizer: a new

WANG Peng, WU Yongping, WANG Shuanlin, et al.
Study on Lagrange-ARIMA real-time prediction model

meta-heuristic algorithm for global optimization[J]. The
Journal of Supercomputing, 2023, 79(7): 7305-7336.


https://doi.org/10.1109/JSEN.2021.3050010
http://kns.cnki.net/kcms/detail/11.2402.td.20240524.1014.003.html
http://kns.cnki.net/kcms/detail/11.2402.td.20240524.1014.003.html
http://kns.cnki.net/kcms/detail/11.2402.td.20240524.1014.003.html
http://kns.cnki.net/kcms/detail/11.2402.td.20240524.1014.003.html
https://doi.org/10.12438/cst.2023-1003
https://doi.org/10.12438/cst.2023-1003
https://doi.org/10.12438/cst.2023-1003

	0 引言
	1 基于视觉−惯导的液压支架姿态感知方法
	1.1 坐标系和支架姿态角
	1.2 基于视觉−惯导信息融合的支架姿态感知系统
	1.3 视觉感知系统
	1.4 IMU感知系统
	1.5 基于EKF的视觉−惯导数据融合算法

	2 基于视觉−惯导信息融合的采场支架姿态感知实验
	2.1 采场支架姿态感知实验台搭建
	2.2 支架姿态感知实验

	3 结论
	参考文献

